Background. The prevalence, determinants and prognosis of pulmonary hypertension among long-term hemodialysis patients in the USA are poorly understood. Methods. A cross-sectional survey of prevalence and determinants of pulmonary hypertension was performed, followed by longitudinal follow-up for all-cause mortality. Pulmonary hypertension was defined as an estimated systolic pulmonary artery pressure of >35 mmHg using echocardiograms performed within an hour after the end of dialysis.
Introduction
Among hemodialysis patients, the epidemiology of pulmonary hypertension has been described in relatively small studies from outside the USA [1] [2] [3] [4] [5] [6] [7] [8] [9] . In these studies, a quarter to half of the patients studied had pulmonary hypertension. Only one study has reported the prevalence and outcomes of pulmonary hypertension from the USA [10] . Among these patients, half had evidence of pulmonary hypertension with a fifth having more severe disease. Pulmonary hypertension was associated with reduced survival. Even in this 90 patient study, the follow-up period was relatively short, extending to just 1 year [10] .
Pulmonary hypertension is not only common, but its association with poor survival extends to a period beyond dialysis. In a study limited to renal transplant recipients, compared to patients without, severe pulmonary hypertension defined as right ventricular systolic pressure of >50 mmHg conferred a 3.75-fold hazard of death [11] . Thus, prevention of pulmonary hypertension appears to be an attractive target to improve survival in end-stage renal disease (ESRD) patients who are not just treated with hemodialysis but who will also subsequently receive a transplanted kidney.
In this study, the prevalence, determinants and outcomes of pulmonary hypertension among prevalent patients on hemodialysis are described. In these patients, a detailed echocardiographic evaluation has been performed to assess the relationship between pulmonary hypertension and markers of excess extracellular fluid volume.
Materials and methods

Participants
Part of this cohort has previously been described [12, 13] . Patients ≥18 years who had been on chronic hemodialysis for >3 months and were free of vascular, infectious or bleeding complications within 1 month of recruitment who were dialyzed three times a week at one of the four dialysis units in Indianapolis affiliated with Indiana University were enrolled in the study. Those who missed two hemodialysis treatments or more over 1 month, abused drugs, had chronic atrial fibrillation or body mass index of ≥40 kg/m 2 were excluded. Patients who had a change in dry weight or anti-hypertensive drugs within 2 weeks were also excluded. The study was approved by the Institutional Review Board of Indiana University and Research and Development Committee of the Roudebush VA Medical Center, Indianapolis and all subjects gave written informed consent.
Measurements
Echocardiograms. Two-dimensional (2D)-guided M-mode echocardiograms were performed by research echocardiographic technicians, 30-60 min following dialysis, in the dialysis unit with a digital cardiac ultrasound machine (Cypress Acuson; Siemens Medical). The post-dialysis period was selected for echocardiography as it allows control over volume state of the patient since it is associated with the least intravascular volume. The day following dialysis would be associated with a variable change in the volume state and therefore pulmonary artery (PA) pressure and was not chosen for echocardiography.
The protocol specified the recording of at least six cycles of 2D parasternal long-and short-axis left atrial views with optimal orientation of the cursor beam used to derive additional M-mode recordings. Each patient underwent six M-mode measurements of inferior vena cava in inspiration and expiration, left atrial diameter in end systole, interventricular septal thickness in diastole (IVSTd), left ventricular (LV) internal diameter in diastole (LVIDd) and systole (LVIDs), LV posterior wall thickness in diastole (LVPWd) and systole (LVPWs) using standards of the American Society of Echocardiography [14] . All measurements were made over six cardiac cycles by a highly skilled echocardiographer.
Inferior vena cava (IVC) was imaged at the level just below the diaphragm in the hepatic segment by 2D-guided M-mode echocardiography. IVC diameter was measured just before the P-wave of the electrocardiogram during end expiration and end inspiration, while avoiding Valsalvalike maneurvres. The left atrial diameter indexed for body surface area and the IVC diameter in expiration also indexed for body surface area have previously been shown to be markers of volume [15] .
The hepatic vein was identified and pulse wave Doppler used to obtain peak systolic and diastolic velocities. From the hepatic vein flow velocity, systolic filling fraction (HVSFF) was derived from peak velocities as peak systolic wave velocity divided by the sum of peak systolic and diastolic velocities [16] . Systolic filling fraction of <55% has been reported to have 86% sensitivity and 90% specificity in predicting mean right atrial pressure of >8 mmHg [16] . Right atrial pressure was calculated as 21.6 − 24 × (HVSFF/100) when HVSFF was >0 but <90. If HVSFF was not available or outside this range, then right atrial pressure was assumed to be 10 mmHg.
LV mass was calculated with a previously validated formula [17] : LV mass (g) = 0.832 × [(IVSTd + LVIDd + PWTd) 3 − (LVIDd) 3 ] + 0.60. This was indexed for body surface area to yield the LV mass index.
Midwall fractional shortening (mWFS) is a well-established marker of systolic ventricular dysfunction in patients with LV hypertrophy and is more sensitive than endocardial fractional shortening in detecting systolic dysfunction. In patients on hemodialysis, mWFS and change in mWFS is reported to be of prognostic importance [18] . mWFS was estimated by the elliptic model of LV geometry as described by de Simone et al. [19] .
Stroke volume was calculated from the cross-sectional area of the aortic annulus, and the time-velocity integral of aortic annular flow was obtained by the pulsed Doppler recording as previously described [20] . Cardiac output was then calculated by multiplying stroke volume by heart rate. This procedure for echocardiographic determination of cardiac output has been validated against the thermodilution technique (r = 0.87-0.96) [20] . Cardiac output was divided by body surface area to yield the cardiac index. In our laboratory, this technique has excellent day-to-day reproducibility (r = 0.93, coefficient of variation = 5%).
Blood pressure measurements
Ambulatory blood pressure (BP) monitoring was performed either after the first or midweek hemodialysis session for 44 h. Ambulatory BP was recorded every 20 min during the day (6 AM-10 PM) and every 30 min during the night (10 PM-6 AM) using a Spacelab 90207 ambulatory BP monitor (SpaceLabs Medical Inc., Redmond, WA) in the non-access arm, as reported previously [21] . In this study, patients who had <8 h of ambulatory BP recordings were noted to have inadequate measurement and were excluded.
Dialysis unit BP recordings as measured by the dialysis unit staff before and after dialysis were collected prospectively at the time of the patient visit. These BP recordings were obtained using the sphygmomanometer equipped with hemodialysis machines without a specified technique and were averaged over 2 weeks. Thus, each patient had six pre-dialysis and six post-dialysis BP recordings to provide routine dialysis unit BP.
Data analysis
Descriptive statistics for demographic, clinical and hemodynamic variables related to the prevalence of pulmonary hypertension were calculated. Race was combined into two categories black and non-black. Dialysis vintage was categorized into three groups dialysis less than a year, dialysis 1-4 years and dialysis >4 years. The number of anti-hypertensives was capped at four, as generally few patients were on more than four medications. History of cardiovascular disease was defined as previous myocardial infarction, stroke, percutaneous coronary intervention or coronary artery bypass graft.
Odds ratios based on logistic regression for each covariate (demographic, clinical or hemodynamic) were computed. Those covariates with a P-value <0.2 were considered for the multivariate analysis.
Stepwise forward selection logistic regression was performed with factors added at the 0.15 level of significance.
Nextly, we constructed Cox proportional regression models with each of the clinical, demographic and hemodynamic markers used in the cross-sectional study. An approach similar to the one used in the above analysis was used. In one instance where bivariate relationships were significant for two highly correlated variables ( pre-dialysis diastolic BP and post-dialysis diastolic BP), we entered only one into factor into the multivariate model (using the factor with larger chi-squared likelihood ratio which was post-dialysis diastolic BP). Patients were censored on the date of transplantation (37 patients) or if they recovered renal function (1 patient). The proportionality assumption for the model was tested using Schoenfeld residuals; no violation was found.
All analyses were conducted using Stata 11.0 (Stata Corp, College Station, TX). The P-values reported are two-sided and taken to be significant at <0.05.
Results
Between September 2003 and March 2011, patients from four dialysis units staffed by the nephrology faculty of Indiana University, Indianapolis, were recruited. The study flow is shown in Figure 1 . The epidemiology of pulmonary hypertension is described using 288 patients who had adequate echocardiograms. Table 1 shows the prevalence and bivariate determinants of pulmonary hypertension. The prevalence of hypertension Prevalence, determinants and prognosis of pulmonary hypertension among hemodialysis patients 3909 was 38% (110/288). More severe pulmonary hypertension (PA systolic pressure of at least 45 mmHg) was seen in 47/ 288 (16%). Significant bivariate determinants of pulmonary hypertension were an older age and vitamin D receptor activator use. Table 2 shows the bivariate hemodynamic (BP and echocardiographic) determinants of pulmonary hypertension. Mean PA systolic pressure was 33.9 mmHg (44.7 mmHg among those with and 27.2 mmHg among those without pulmonary hypertension). The right atrial pressure was not significantly different between groups. Significant bivariate determinants of pulmonary hypertension were the following: higher ambulatory systolic BP, increased inferior vena cava diameter in expiration, increased left atrial diameter, higher mWFS and increased cardiac index.
The multivariate determinants of prevalence of pulmonary hypertension are shown in Table 3 . Only three variables, left atrial diameter, urea reduction ratio and vitamin D receptor activator use, were significant determinants of pulmonary hypertension. The strongest association was seen with increased left atrial diameter.
Over a median follow-up of 2.15 years, 97 (34%) died yielding a crude mortality rate (CMR) of 114.2 per 1000 patient-years. Of these, 58 deaths occurred among 110 patients with pulmonary hypertension (53%, CMR 168.9/ 1000 patient-years) and 39 among 178 without pulmonary hypertension (22%, CMR 52.5/1000 patient-years). The cumulative hazard estimates are shown in Figure 2 . Table 4 shows the bivariate hazard ratios (HRs) for allcause mortality. Significant bivariate predictors for all-cause (Table 5) were the following: low pre-dialysis diastolic BP, low post-dialysis diastolic BP, increased inferior vena cava diameter in expiration, increased left atrial diameter and increased cardiac index. Table 6 shows the multivariate HR for all-cause mortality. Pulmonary hypertension was associated with increased risk for all-cause mortality. Besides this, other risk factors included the following: age, race, access type, serum albumin and history of cardiovascular disease. Forcing IVC diameter in expiration or left atrial diameter reduced the HRs slightly (HRs for death with pulmonary hypertension were 1.99 and 2.02, respectively) but did not remove the statistical significance of pulmonary hypertension.
Discussion
The major findings of our study are the following: (i) the prevalence of pulmonary hypertension among ESRD patients on hemodialysis is high (38%); (ii) the independent determinants of pulmonary hypertension are enlarged left atrial diameter, low urea reduction ratio and no vitamin D receptor activator use and (iii) pulmonary hypertension is associated with increased hazards for allcause mortality >2-fold independent of other risk factors.
Prevalence of pulmonary hypertension
The prevalence of pulmonary hypertension has ranged from 27 [6] to 56% [5] ; our study found the prevalence in the middle of the range of 38%. Prevalence estimates are variable due to several reasons. Firstly, the timing of performance of echocardiograms may influence prevalence estimates. The interdialytic increase in volume may increase PA pressures. For example, the lower estimates from Egypt of 29% may be because measurements were performed within 4 h of the end of dialysis [1] , whereas higher estimates of 58.6% from Italy may be related to performance of echocardiograms the day following dialysis [7] . Secondly, varying definitions of pulmonary hypertension may account for varying prevalence estimates. For Prevalence, determinants and prognosis of pulmonary hypertension among hemodialysis patients 3911 example, in a study from the USA, using a PA systolic pressure of ≥35 mmHg yielded a prevalence of 47% pulmonary hypertension [10] . When pulmonary hypertension was defined as a PA systolic pressure of ≥45 mmHg, prevalence was only 20% [10] . This is similar to the 16% prevalence estimate seen in our study, when pulmonary hypertension was defined as PA systolic pressure of ≥45 mmHg. Thirdly, variable degrees of chronic volume overload may also confound the prevalence. Since there are no agreed upon markers for chronic volume overload, it is difficult to account for this variable among studies.
Determinants of pulmonary hypertension
Independent determinants of pulmonary hypertension vary according to the study and have been noted to be the following: increased age [10] , female gender [1] , lower body mass index [10] , higher cardiac output [2, 3] , lower hemoglobin [2] , lower nitric oxide metabolites [3] , higher dialysis vintage [7] , lower diastolic BP [7] and LV diastolic dysfunction [8] . In our study, we found left atrial diameter to be strongly associated with pulmonary hypertension. This may reflect either chronic volume overload or poor myocardial performance. Poor systolic myocardial performance is unlikely to be a reason because those with pulmonary hypertension had a greater mWFS and a better cardiac index indicating better systolic myocardial function. LV mass index was similar between the two groups therefore a strong case cannot be made for greater diastolic dysfunction among those with pulmonary hypertension. Since inferior vena cava diameter in expiration was elevated in those with pulmonary hypertension, chronic volume overload may be more likely to be the cause of association between elevated left atrial diameter and pulmonary hypertension. Under-dialysis, as indicated by low urea reduction ratio, may aggravate this situation. An increase in circulating inhibitors of nitric oxide synthase may accumulate and low availability of nitric oxide may aggravate pulmonary hypertension [3] . The association between vitamin D receptor activator use and lower odds for pulmonary hypertension is also biologically plausible. Vitamin D receptor activators can improve diastolic function and are therefore likely to reduce afterload for the right ventricle [22] . Use of these drugs therefore may be causally associated with less pulmonary hypertension (although we did not find differences in LV mass index between groups). As noted by several other investigators, we did not find calcium, phosphorus or parathyroid hormone to be associated with pulmonary hypertension [1, 3, [6] [7] [8] [9] .
Prognosis of pulmonary hypertension
There are only two studies that have examined the association of pulmonary hypertension with overall survival in studies with >75 patients. Yigla et al. [4] followed 127 hemodialysis patients among which pulmonary hypertension defined as a PA systolic pressure of 45 mmHg was seen in 37 (29%); of these, 17 had pulmonary hypertension before starting dialysis, whereas 20 had incident pulmonary hypertension. Both incident and prevalent pulmonary hypertension was associated with increased all-cause mortality (HRs 2.4 and 3.6, respectively). Ramasubbu et al. [10] followed 90 hemodialysis patients prospectively after performing echocardiogram just before a dialysis session. Pulmonary hypertension defined as tricuspid regurgitation jet of ≥2.5 m/s (that correlates with Prevalence, determinants and prognosis of pulmonary hypertension among hemodialysis patientsPA systolic pressure of ≥35 mmHg) was seen in 47%. At 12 months, mortality was 26% in those with pulmonary hypertension and 6% in those without pulmonary hypertension (log-rank test significant). All-cause hospitalizations was not different between groups. The results of this larger study support the results of the above investigators. Prevalent pulmonary hypertension was associated with ∼2-fold hazards for all-cause mortality. These results are particularly important because pulmonary hypertension also portends a poor survival among renal transplant recipients [11] . For example, recipients of renal transplants had nearly 4-fold higher hazards for death when severe pulmonary hypertension was present [11] . Adjustment for IVC diameter or left atrial diameter did not remove the statistical significance of pulmonary hypertension. This suggests that once pulmonary hypertension is established, markers of volume excess do not influence mortal outcomes.
Limitations
Although this study is the largest study on pulmonary hypertension reported to date, it has a number of limitations. The diagnosis of pulmonary hypertension was only based on indirect echocardiographic estimates of PA systolic pressure. No measurements through right heart catheterizations were made to directly quantify PA pressure to confirm the echocardiographic findings. Estimations of right atrial pressure were made from hepatic vein Doppler studies; these may be erroneous. The etiology of pulmonary hypertension was not accurately determined. Thus, whether pulmonary hypertension reflects diastolic dysfunction, volume overload, sleep apnea, other etiologies or a combination of them is uncertain. Being a non-interventional trial, cause and effect relationship between pulmonary hypertension and mortality cannot be established.
Conclusions
We speculate that pulmonary hypertension among hemodialysis patients may be in response to chronic volume overload. Increase in cardiac index, elevated inferior vena cava diameter and larger left atrial diameter all suggest this possibility. If this is true, then it would be desirable to treat volume excess early among hemodialysis patients because once pulmonary hypertension is established, the long-term survival is poor. We have previously shown that left atrial size and inferior vena cava diameter improve with probing dry weight [15] . Whether reduction in excess volume with probing dry weight can reduce incident pulmonary hypertension should be explored in future studies.
